Abstract: Subacute toxicity of 1,4-dichloro-2-nitrobenzene (DCNB) was examined by feeding F344 rats and BDF 1 mice of both sexes a diet containing DCNB at 625, 1,250, 2,500, 5,000 or 10,000 ppm (w/w) for 2 weeks. All DCNB-fed rats survived to the end of the 2-week administration period, but 2 male and 6 female mice fed 10,000 ppm died during this period. The subacute toxicity was characterized by lesions affecting the liver, kidney, testis and hematopoietic system. The liver was the most responsive to DCNB, as evidenced by a dose-related increase in relative liver weight in rats and mice and centrilobular hypertrophy of hepatocytes in mice. An alteration in liver-associated lipid metabolism was suggested from the concomitant increases in serum concentrations of total cholesterol and phospholipid. A lower confidence limit of the benchmark dose yielding the response with 10% extra risk (BMDL 10 ) for the relative liver weight indicated that rats were more responsive to DCNB than mice. The kidney lesion was characterized by α α α α α 2υ υ υ υ υ -globulin-accumulated hyaline droplets in the renal tubular epithelial cells only in male rats, as indicated by positive anti-α α α α α 2υ υ υ υ υ -globulin immunohistochemical staining. Testicular and hematopoietic lesions appeared at higher dose levels than did the liver and kidney lesions.
Introduction
1,4-Dichloro-2-nitrobenzene (DCNB) has been widely used as an intermediate in the manufacture of dyes and pigments and as a stabilizer of polyolefins 1, 2) . Annual production and importation of DCNB in Japan were reported to be 2,100 tons in 2000 3) . To protect human health and the environment from hazardous chemicals, the Organisation for Economic Co-operation and Development (OECD) designated DCNB as a High Production Volume (HPV) chemical and as a Screening Information Data Set (SIDS) chemical for initial assessment of toxicity and exposure 1) . Naniwa 4) reported that nine cases of contact dermatitis occurred among 31 workers in a Japanese chemical plant in which aromatic chloro-and nitro-compounds were used. Ishizu 5) reported that 51 Japanese workers suffered from occupational poisoning by aromatic chloro-and nitrocompounds during a period from 1956 to 1985. Acute toxicity of DCNB was reported as symptoms of impaired equilibrium and shivering fits and an LD 50 value of 2,503 mg/kg after oral administration to female rats 2) , methemoglobinemia in DCNB-fed cats 2) and histopathological changes in the testis and epididymis of DCNB-fed rats 6) . It was demonstrated with rats that DCNB was metabolized and excreted into urine as N-acetyl-S-(4-chloro-3-nitrophenyl)-L-cysteine 7) . The present study was conducted to characterize subacute toxicity of DCNB for health risk assessment of DCNBexposed workers, and to serve as determination of an appropriate range of dose levels of DCNB for a 13-wk subchronic toxicity study. F344 rats and BDF 1 mice of both sexes were fed a control diet and DCNB-containing diets at 5 different concentrations for 2 wk.
Materials and Methods
The present study was conducted with reference to the OECD Guideline for the Testing of Chemicals 407 "Repeated dose 28-day oral toxicity study in rodents" 8) .
Chemical
DCNB of guaranteed grade (purity >98%) was obtained from Wako Pure Chemical Industries, Ltd. (Japan). The DCNB used in the present study was analyzed for its identity, stability and purity by both mass spectrometry and infrared spectrometry. Neither decomposition products nor impurities were detected in the test substance used in this study.
Animals
Four-week-old F344/DuCrj rats (SPF) and Crj:BDF 1 mice (SPF) of both sexes were obtained from Charles River Japan, Inc. The animals were cared for in accordance with the Guideline for Animal Experimentation 9) , and this study was approved by the ethics committee of the Japan Bioassay Research Center (JBRC). The animals were quarantined and acclimated for 2 wk, and then divided by stratified randomization into 6 weight-matched groups. Each group comprised 10 male or female animals (rats or mice). The animals were housed individually in stainless-steel wire hanging cages (170 mm 23 .8 ± 0.2°C and relative humidity of 54 ± 1% with 12 air changes/h) in the barrier system animal rooms. Fluorescent lighting was controlled automatically to provide a 12-h light/dark cycle. All animals had free access to filtered, UV-irradiation-sterilized water supplied by an automatic watering system.
Diet preparation and feeding
A diet containing DCNB at 625, 1,250, 2,500, 5,000 or 10,000 ppm (w/w) was prepared by mixing DCNB with γ-irradiation-sterilized CRF-1 powdered diet (Oriental Yeast Co., Tokyo, Japan) in a spiral mixer for 20 min, and it was stored at 4°C until use. The feeder containing DCNBformulated or control diet was exchanged on Days 4, 7 and 11 of the 2-wk administration period. DCNB concentrations in the diet were confirmed by gas chromatography and found to be 93.0% to 98.9% of the target concentrations at the time the diet was prepared and ranged from 85.9% to 94.5% after 4 d of storage at room temperature. The animals were offered the control diet or the DCNB-containing diets for a 2-wk administration period, starting at 6 wk of age.
Clinical observations and analysis, and pathological examinations
All animals were observed daily for clinical signs and mortality. Body weight and food consumption were measured on Days 1, 4, 7, 11 and 14 of the 2-wk administration period. Daily food consumption was calculated by subtracting the remaining weight of the diet from the initial weight of the diet and dividing by the feeding days. All animals underwent complete necropsy, and were observed for macroscopic lesions. Five surviving animals in each group, which were selected from smaller identification numbers, were examined for hematological and blood biochemical parameters on blood samples taken under etherization at the end of the 2-wk administration period, and their organs were weighed. Methemoglobin and the other hematologic parameters were measured with a CO-oximeter (CIBA-CORNING 270, USA) and an Automatic Blood Cell Analyzer (TECHNICON H-1, USA), respectively. Blood biochemical parameters were measured with an Automatic Analyzer (HITACHI 7070, Japan). Two surviving animals having smaller identification numbers in each group and one dead mouse of each sex in the 10,000 ppm group were examined for histopathology. Their tissues were fixed in 10% neutral buffered formalin, and embedded in paraffin. Tissue sections of 5 µm in thickness were prepared and stained with hematoxylin and eosin (H & E stain). Additionally, kidney tissue was immunohistochemically examined for binding of α 2υ -globulin antibody using EnVision+ (EV+, Dako, Denmark) of a two-layer dextran polymer visualization system for immunohistochemistry 10, 11) . α 2υ -Globulin antibody was kindly supplied by Sumitomo Chemical Co. Ltd. Kidney tissue was also stained with periodic acid Schiff (PAS) reaction and AZAN.
Statistical analysis
Body weight, food consumption, organ weights, and hematological and blood biochemical parameters were analyzed by the same statistical methods as described previously 12) . Bartlett's test was used to determine whether or not the variance was homogeneous. When the variance was homogeneous, the one-way ANOVA was applied. When the variance was not homogeneous, the Kruskal-Wallis rank sum test was performed by arranging all data from the control and exposed groups in descending order. Statistical differences in the means and the rank means among the groups were analyzed by Dunnett's multiple comparison test and the same multiple comparison test by rank, respectively. A two-sided analysis with P-values of 0.05 and 0.01 was performed.
BMDL 10 calculation
The BMDL 10 value was calculated, using a BMDS Version 1.3.2 software program downloaded from the US EPA NCEA web site 13) . Daily DCNB intake per body weight was used as a dose parameter, instead of the dietary concentration of DCNB. The chemical intake was calculated from the daily amount of the consumed food, multiplied by the time-average observed concentration of DCNB in the diet, and divided by the body weight. An appropriate model was selected from linear, Hill, power and polynomial, based on a goodness-of-fit P-value greater than 0.05, Akaike's Information Criterion (AIC) value lower than any other model and on visual inspection of the model fitting to the dose-response curve.
Results

Survival, body weight, food consumption and clinical signs
All DCNB-fed rats of both sexes survived to the end of the 2-wk administration period. Two 10,000 ppm-fed male mice died on Days 11 and 13, and six 10,000 ppm-fed female mice died on Days 12 and 14 of the 2-wk administration period. Causes of their deaths could not be confirmed by histopathology. Marked retardation of growth rate ( Fig. 1 ) and a significant decrease in food consumption (Fig. 2) were Number of animals measured was 10 for all groups of rats and mice, except for the 10,000 ppm-fed mouse group which comprised 8 males and 4 females at the terminal necropsy. noted in the rats and mice of both sexes fed 10,000 ppm and to a lesser extent, in male and female rats fed 5,000 ppm. Yellow-colored urine was observed in the 1,250, 2,500, 5,000 and 10,000 ppm groups of rats and mice of both sexes from Days 1 through 14 of the 2-wk administration period.
Organ weights and macroscopic findings
Absolute and relative liver weights were significantly increased in male and female rats fed 625, 1,250, 2,500 and 5,000 ppm and in male and female mice fed 1,250, 2,500 and 5,000 ppm (Table 1) . Absolute liver weights were decreased and relative liver weights were concomitantly increased in the 10,000 ppm groups of rats and mice of both sexes. Absolute and relative testis weights were significantly decreased in rats fed 5,000 and 10,000 ppm and in mice fed 10,000 ppm. Absolute and relative thymus weights were significantly decreased in the 10,000 ppm groups of rats and mice of both sexes. Atrophy of the thymus occurred in all the 10,000 ppm-fed rats and mice of both sexes as a macroscopic lesion. Absolute spleen weights were significantly decreased in male rats fed 5,000 and 10,000 ppm and female rats fed 2,500 ppm and above. On the other hand, relative spleen weights were significantly increased in male and female mice fed 5,000 ppm and male mice fed 2,500 ppm, whereas the relative spleen weights were decreased in the 10,000 ppm-fed male mice.
Hematology
In male rats fed 5,000 ppm and/or 10,000 ppm, red blood cell counts (RBC), hemoglobin concentration (Hb) and Number of animals measured was 10 for all groups of rats and mice, except for the 10,000 ppm-fed mouse group which comprised 8 males and 4 females at the terminal necropsy. hematocrit (Ht) were increased, whereas mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH) and reticulocyte counts were all decreased (Table 2) . Platelet counts of the DCNB-fed male rats decreased in a dose-related manner. Methemoglobin levels were increased in male rats fed 5,000 and 10,000 ppm. A similar trend in those hematologic parameters was noted in female rats, but to a lesser extent. Dose-related decreases in RBC, Hb, Ht, MCV and MCH occurred in male mice fed 2,500 ppm and above or 10,000 ppm, along with an increased platelet count at 10,000 ppm. Those changes were less severe in female mice than in males. Methemoglobin level tended to increase in male and female mice fed 5,000 ppm. White blood cell counts (WBC) were not changed in any DCNB-fed group of rats or mice.
Blood biochemistry
ALT was significantly increased in the 5,000 and 10,000 ppm groups of female rats and in the 2,500, 5,000 and 10,000 ppm groups of male mice, and tended to increase in the 5,000 and 10,000 ppm groups of female mice (Table 3) . AST was not increased in any DCNB-fed rat group, but it was significantly increased in the male mice fed 10,000 ppm and in the female mice fed 5,000 and 10,000 ppm. γ-GTP was significantly increased in the male rats fed 10,000 ppm and in the female rats fed 5,000 and 10,000 ppm and in the female mice fed 10,000 ppm. Total cholesterol, phospholipid, total protein and albumin were significantly increased in all the DCNB-fed groups of male and female rats, compared with their respective controls. A trend for an increase in those parameters was also observed in the DCNB-fed mice, but the DCNB dose levels attaining the significant increase were higher in mice than in rats, except for both total cholesterol and phospholipid in female mice. BUN was increased in the 10,000 ppm groups of rats and mice of both sexes.
Histopathology
In the DCNB-fed rats, histopathologic changes were noted in the liver and hematopoietic system of 10,000 ppm-fed males and females, in the testis of 10,000 ppm-fed males and in the kidney of the 625, 1,250 and 2,500 ppm-fed male rats. The hepatic and testicular lesions also occurred at 5,000 ppm. Moderate single cell necrosis of hepatocytes in the centrilobular area was observed in male and female rats fed 10,000 ppm, and slightly increased mitosis of hepatocytes occurred in the 5,000 ppm-fed rats of both sexes (Fig. 3) . Hyaline droplets of varying size and shape in the epithelial cells of renal proximal tubule were observed in male rats fed 625, 1,250 and 2,500 ppm (Fig. 4) . The droplets were positive for anti-α 2υ -globulin immunohistochemical staining (Fig. 5) and were also stained positively with eosin and AZAN and negatively with PAS reaction. The hyaline droplets and their tinctorial features were similar to those of the eosinophilic body according to histopathological criteria of Kawai 14) and to those of the eosinophilic amorphous bodies containing α 2υ -globulin as a major component, according to a report by Ikegami et al. 15) . The term hyaline droplets [16] [17] [18] [19] was used for those eosinophilic bodies in the present study. No hyaline droplets were found in the kidneys of DCNBfed female rats. Germ cell necrosis (Fig. 6 ) occurring in the testis of rats fed 5,000 and 10,000 ppm was characterized by a markedly decreased number of germ cells, including spermatocytes, and associated with both the appearance of debris of spermatic elements and decreased sperm counts in the epididymis. The lesions in the hematopoietic organs were characteristic of slightly decreased cellularity of lymphocytes and their karyorrhexis in the cortex of thymus, slight engorgement of erythrocytes in the spleen and moderately decreased hematopoiesis in the bone marrow of the 10,000 ppm-fed male rats (Fig. 7) .
In the 10,000 ppm-fed mice of both sexes that died before the end of the 2-wk administration period, moderate and marked atrophy of both thymus and spleen was noted, together with a decreased number of lymphocytes in the cortex of thymus and in the white pulp of spleen. Centrilobular hypertrophy of hepatocytes was observed in the dead female. In the surviving mice of both sexes fed 10,000 ppm, marked centrilobular hypertrophy of hepatocytes and slight erosion and hyperplasia of the forestomach were noted, in addition to marked and moderate atrophy of thymus and spleen. The centrilobular hypertrophy of hepatocytes (Fig. 8) , which was characterized by enlargement of both nucleus and cytoplasm, occurred in male and female mice fed 1,250 ppm and above. Slightly increased mitosis of hepatocytes occurred in the 2,500 and 5,000 ppm-fed male and female mice. Hyperplasia of the forestomach, which was characterized by thickening of the epithelium, was also noted in females fed 5,000 ppm. Marked germ cell necrosis in the testis occurred in the 10,000 ppm-fed mice. Slight germ cell necrosis in the testis of mice fed 5,000 ppm showed the same features as that in the testis of rats fed 5,000 ppm. Although no histopathological changes in the bone marrow occurred in any DCNB-fed mice of either sex, extramedullary hematopoiesis in the spleen occurred in mice of both sexes fed 2,500 and 5,000 ppm, and characterized by an increased number of hematopoietic cells in the red pulp.
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Benchmark dose
Because the most responsive and biologically significant endpoint in the DCNB-fed rats and mice was the increased liver weight among various clinical, hematological, blood biochemical, and pathological parameters, and because liver weight was reported to be best expressed for hepatic toxicity in relation to the body weight 20) , the BMDL 10 value was calculated for relative liver weights of rats and mice, using the Hill model. The relative liver weights of the 10,000 ppm-fed rats and mice of both sexes were excluded from the BMDL 10 calculation, because of severe toxic effects as indicated by the significant decreases in body weight, absolute liver weight and food consumption, and because of wasting syndrome, as suggested by decreased thymus weight and by thymus atrophy in those animals.
The BMDL 10 values were 12.9 and 15.6 mg/kg body weight per day for male and female rats and were 72.0 and 83.2 mg/kg body weight per day for male and female mice, respectively, indicating that the rat liver was more responsive to DCNB than the mouse liver. However, a No-ObservedAdverse-Effect-Level (NOAEL) for the increased relative liver weight could not be determined, because of the statistically significant increase in the relative liver weight of male and female rats at the lowest dose level.
Discussion
It was found in the present study that the 2-wk oral administration of DCNB in feed produced lesions in the liver, testis and hematopoietic system in rats and mice, and produced a renal lesion only in male rats. The DCNB-induced liver lesion was characterized by increased liver weights in rats and mice, single cell necrosis in rats, centrilobular hypertrophy of hepatocytes in mice, increased mitosis in hepatocytes in rats and mice, and increased serum levels of transaminases in rats and mice. An alteration in liverassociated lipid metabolism was suggested from the present finding that significant increases in serum concentrations of total cholesterol and phospholipid occurred concomitantly with increased liver weights in the DCNB-fed rats and mice.
The present result that the hyaline droplets in the renal tubule epithelial cells of the DCNB-fed male rats were positive for anti-α 2υ -globulin immunohistochemical staining is consistent with the findings of α 2υ -globulin accumulation in renal tubular epithelial cells reported by Swenberg et al. 18, 19) . A variety of chemicals including hydrocarbons 21) , unleaded gasoline 22) and d-limonene 23) were reported to induce α 2υ -globulin nephropathy. The present finding suggests that the oral administration of DCNB produced excessive accumulation of α 2υ -globulin in the epithelial cells of the renal proximal tubule in DCNB-fed male rats. DCNB-induced testicular lesion can be characterized by germ cell necrosis resulting in both appearance of debris of spermatic elements and decreased sperm counts in the epididymis. Those changes appeared in rats and mice fed 5,000 and 10,000 ppm, indicating that testicular toxicity was not observed at a dose level of 2,500 ppm. The 2,500 ppm dose level corresponded to an estimated daily intake of 200 mg DCNB/kg body weight per day. Wada et al. 6) reported that oral administration of 200 mg DCNB/kg body weight per day to male and female rats by gavage for 28 d induced degeneration of seminiferous epithelium in the testis and debris in the epididymis, whereas 60 mg/kg per day did not, and that the No-Observed-Effect-Level (NOEL) for reproductive performance was 200 mg/kg per day, because there was no change in copulation or fertility indices at 200 mg/kg per day. Their results suggested that the NOEL for testicular toxicity was 60 mg/kg per day. The difference in testicular toxicity between the Wada et al. study 6) and the present result may be attributed to a difference between the administration in feed and by gavage, or the difference in the administration period between 14 and 28 d.
Decreased hematopoiesis in bone marrow, engorgement of erythrocytes in the spleen, decreased spleen weight, significant increases in RBC, Hb and Ht and decreases in reticulocyte and platelet counts were noted in the DCNBfed rats. In sharp contrast, the DCNB-fed mice exhibited the extramedullary hematopoiesis in the spleen, increased spleen weight and decreases in RBC, Hb and Ht and an increase in platelet counts. The present hematological results appear to be contradictory between rats and mice. Since the methemoglobin level was increased in both rats and mice, the DCNB-induced methemoglobinemia can not be totally ruled out. However, the DCNB-induced increase in the methemoglobin level was only marginal, compared with a reported increase in the methemoglobin level from 5% to 16% in rats and rabbits exposed to o-and pchloronitrobenzenes [24] [25] [26] , and from 33% to 58% in rats exposed to nitrobenzene 27) . Hematopoiesis and hemosiderosis in the spleen and decreases in RBC, Hb and Ht after exposure of rats to o-and p-chloronitrobenzenes were reported 25, 26) , whereas such accompanying histopathological changes did not occur in the present study. At present, we have not yet identified any causative factor to plausibly explain the apparently contradictory results of the hematopoietic disorder in rats and mice fed DCNB.
The increases in relative liver weight and serum levels of total cholesterol and phospholipid were statistically significant at the lowest dose level. Therefore, among the organs affected, the livers of rats and mice were the most responsive to DCNB. A NOAEL value could not be determined, because of statistical significance of these responses at the lowest dose level. However, the benchmark dose calculation was found to allow quantitative evaluation of the dose-response curve for the increased relative liver weights in both rats and mice. The BMDL 10 values for the relative liver weights were 12.9 and 15.6 mg/kg body weight per day for male and female rats and 72.0 and 83.2 mg/kg body weight per day for male and female mice, respectively. The present results are consistent with reports 13, 28) that the BMDL 10 approach has several advantages over the traditional approach of NOAEL, because the BMDL 10 uses all response data for a whole range of dose levels, in order to delineate a dose-response curve, whereas the NOAEL approach uses only the responses to two adjacent dose levels of statistical nonsignificance and significance. In addition, it can be inferred from our BMDL 10 data that the rat liver was more responsive to DCNB than the mouse liver. The BMDL 10 values of 12.9 and 15.6 mg/kg per day for male and female rats, respectively, are in good agreement with the reported NOEL value of 10 mg/kg per day for the increased liver weight of rats receiving orally administered DCNB by gavage for 28 d 2) . It is interesting to note that the toxic responses of rats and mice to the highest dose level of 10,000 ppm of DCNB were different from those responses to 5,000 ppm and below. The atrophy of thymus and the decrease in absolute and relative thymus weights were noted only at 10,000 ppm. Absolute liver weight was decreased at 10,000 ppm, whereas a dose-related increase in the absolute liver weight occurred at 5,000 ppm and below. Body weight and food consumption were markedly decreased in rats and mice of both sexes fed 10,000 ppm, compared with those receiving 5,000 ppm and below. On the basis of these findings, it is tempting to speculate that wasting syndrome was associated with the toxicity noted in the 10,000 ppm-fed animals.
The highest dose level of DCNB in the 13-wk subchronic toxicity study was selected as 7,500 ppm but not 10,000 ppm, because the administration of 10,000 ppm caused marked retardation of growth rate in rats and mice, death in mice and a different pattern of subacute toxicity in the 10,000 ppm-fed animals, compared with those in the animals fed 5,000 ppm and below.
In conclusion, the 2-wk oral administration of DCNB in feed damaged the liver, testis and hematopoietic system in rats and mice and the kidney in male rats. The BMDL 10 value for increased relative liver weights was 13 and 16 mg/kg body weight per day of male and female rats and 72 and 83 mg/kg body weight per day of male and female mice, respectively. The livers of rats and mice were the most responsive to DCNB, together with the altered lipid metabolism of increased serum concentrations of total cholesterol and phospholipid. Kidney lesion was characterized by α 2υ -globulin-accumulated hyaline droplets in the renal tubular epithelial cells only in the DCNB-fed male rats. Testicular and hematopoietic lesions appeared at higher dose levels than the liver and kidney lesions.
